Abstract: Ninety five percent of human genomic DNA does not code for proteins or functional RNA molecules, and is frequently referred to as "junk" or "selfish" DNA. The vast majority of this noncoding DNA has no documented role in the cell. However, according to recent analyses, three quarters of the human genome is transcriptionally active. We discuss whether the expression of non-coding genomic sequences is valuable for the cell or if it is a second-hand "junk" because of the incompleteness in transcriptional machinery organization and functioning. Introns constitute a major fraction of the noncoding DNA, representing over 40% of mammalian genomes. They are ambivalent elements that cause several problems and at the same time bring benefits to their host cells. There is a strong correspondence between the average length of introns and the size of the genome. Here we review the latest summary statistics on human introns, the evolution of introns in mammals, and the distribution of genes that encode functional RNAs within introns. We also suggest that splicing is an important filter for organisms with large genomes, serving to distinguish between functional mRNAs and arbitrary RNA transcripts generated from random loci.
INTRODUCTION
The total length of all protein-coding mRNA sequences, non-coding RNA sequences with established functions, and regulatory elements that control their expression, comprises only about 5% of the mammalian genome. The remaining 95% of genomic DNA is frequently referred to as "junk" or "selfish" DNA. One could argue that, in theory, removing "junk" DNA from the genome would have no negative effects on the organism. This has in fact happened in one vertebrate species, the puffer fish Takifugu rubripes, whose genome shrank several times millions of years ago [1] . The general phenotype is essentially the same as that of closelyrelated genera, even though it has lost vast sections of its genome. "Junk" DNA has long been considered by many scientists as a playground for future evolution that provides the physical place for the origin of new genes and regulatory elements. Despite the fact that we cannot assign any valuable role to most of the "junk" DNA, the size of mammalian genomes seems evolutionarily stable and varies from 2.0 to 4.0 billion nucleotides for a majority of species from this taxon (see Animal Genome Size Database, [**2] ). If we compare, for example, human and mouse, the size of their genomes differs only by 10%. This is an amazingly small difference considering that during the 70-90 million years after divergence of these two species, more than a million interspersed repetitive elements have been incorporated into their genomes (retroposons: Alu in H. sapiens and B1, B2, ERVs in M. musculus). In addition, thousands of independent deletions, chromosomal translocations, duplications, insertions and other rearrangements have occurred in the DNA of both organisms. These changes explain why 35% of the human genome does not align with the mouse genome using current computational methods [3] . Therefore, it appears that mammals follow a "golden proportion" between the number of their genes and the size of their genomes. This suggests a mechanism that has kept our genomes at this size for millions of years. The evolution of genome lengths was reviewed in Petrov [4] and recently by Vinogradov [*5] and Gregory [*6], while the possible involvement of small RNAs in the control of genome length was discussed by Hennig [7] .
In this review, we concentrate on the structure and functions of mammalian introns, the ubiquitous elements of our genes that represent at least 40% of our genome and whose role is still poorly understood and appreciated. Introns are notoriously known for controversies in the interpretations of their origin and functions in cells. A range of recent studies has confirmed that introns already existed at the earliest stages of eukaryote evolution [8-11, **12] . The evolution of introns has been well reviewed from different perspectives by Lynch and Richardson [13] [19, *20] ). The longest human intron which spreads over 740,920 bp is found in heparan sulfate 6-O-sulfotransferase 3 gene (HS6ST3) on chromosome 13; for comparison, this is about 50% larger than the chromosome of the smallest free-living bacterium.
The correlation between genome size and the length of introns in different organisms was thoroughly reviewed by Vinogradov [21] . He showed that evolutionary alteration of genome size and intron size are tightly coupled processes. Yet some species have unique proportions of intron size relative to their genome [21] . An interesting example of fast evolutionary genome shrinkage was observed in Takifugu fish. In this case, the diminution of Takifugu intron lengths and the length of its intergenic regions were highly coordinated. Despite dramatic shortening of the Takifugu genome, the number of introns remains the same as other vertebrates [22] . The process of intron loss is extremely rare in vertebrates. In mammals, it happens only with short introns, whose lengths are less than 300 bp [23] . Since the median of human introns is 1,504 bp, most intronic sequences will be long companions of the human genome.
Intron length alteration during evolution is illustrated in the Figs. (1-3) . . We define "orthologous introns" as introns from orthologous genes that also have the same position relative to the two coding sequences. As far as we know, there are no thoroughly characterized cases of intron gain and only solitary cases of intron loss in mammals [23] . (Few published examples of mammalian intron gain [24, 25] could have alternative explanations as described in the coming paper by Shepelev and Fedorov [26] .) Hence, orthologous introns most likely descended from the corresponding intronic sequence of the last common ancestor of the two species.
As illustrated in Fig. (1) , differences in length of orthologous introns from human and mouse can be considerable. Changes in intron length are presumably due to an imbalance between two opposite genomic processes. The first process, genome growth, occurs through the insertions of interspersed repetitive elements, duplications of genomic segments, and micro-insertions from one to several nucleotides. The second process genome contraction is caused by deletions (via DNA recombination between interspersed repeats or other rearrangements of genomic sequences) and by micro-deletions from one to several nucleotides. It is generally believed that genome expansion, to a great extent, involves retroposition of interspersed repetitive elements such as Alu-repeats in human and B1-, B2-, ERV-repeats in mouse [**27]. However, Fig. (2) , which represents the distribution of human- mouse orthologous intron length differences, shows no specific peak of either +300 bp which would correspond to the insertion of Alu-repeats inside human introns, or of a peak that would correspond to the insertion of B1-and B2-repeats into mouse introns (about -200 to -150 bp). These data suggest that retroposons have not played a dominant role in changing mammalian intron size.
A change of intron length is a complex multifactorial process where small insertions/deletions are among the major contributors in the regulation of intron length during evolution. Interestingly, micro deletions overwhelm micro insertions in human introns [28] . Our calculation of length difference between 79,931 human-mouse orthologous intron pairs show that, on average, human introns are 21% longer than those of mouse. The total length of human introns studied in our sample was 327,253,533 bp, while the total length of their orthologous counterparts in mice was shorter by 69,169,624 bp. Therefore, the human-mouse intron length difference is double the whole-genome length difference between these two species, which is ~10% (human genome 2.9 Gb [29] and mouse genome 2.6 Gb, [30] ). This observation is readily explicable. Introns represent transcribed parts of the genome that are more susceptible to sequence change (due to relatively unpacked chromatin structures) than the more condensed chromatin regions often detected between genes. This year interesting details were described by Haddrill and co-authors that a negative correlation exists between intron length and sequence divergence in Drosophila [31] . Yet, our data on the relative intron length difference displayed in Fig. (3) does not support the same trend in mammals. Fig. (3) shows that short mammalian introns tend to be more resistant to length alterations than long introns.
By analogy, we calculated that, on average, human introns are 27% longer than rat introns, while mouse introns are 5% longer than their rat counterparts. The latter fact looks surprising, considering that the rat genome (2.75 Gb) exceeds that of mouse (2.6 Gb) [30] . However, large segmental duplications are more abundant in the rat genome compared to the mouse genome [30] . These duplications enlarge the genome size while having no effect on the interspecies comparisons of orthologous intron lengths.
We have discussed only protein-coding genes so far. However, during last two years about seventeen thousand non-protein coding genes have been characterized in humans [**32]. Thirty percent of them are spliced. We still know practically nothing about the introns of these non-protein coding genes. Their characterization in the nearest future should advance our knowledge in splicing mechanisms and in prediction of exon-intron gene structures. Taking into account all types of genes, the total length of human introns appears to comprise more than 40% of the genome.
INTRON FUNCTIONS
The enormous intron size in humans and other vertebrates creates several drawbacks, such as: 1) considerable waste of energy during gene expression which is "unwisely" spent on polymerizing extra-long intronic segments of premRNA molecules; 2) delay in obtaining protein products (on average it takes about 45 min for RNA polymerase II to transcribe a 100,000 bp intron); 3) potential errors in normal splicing, since long introns contain numerous false splicing sites (so-called pseudo-exons [33] ). Some benefits must be associated with introns to compensate for these disadvantages. We have already reviewed different constructive roles In our calculations we used best-hit approach applied to all large-scale computations of orthologous sequences [64] . For stringency, we studied only orthologous introns obtained for three species (human-mouse-rat 79,931 orthologous intron triplets from MOID [20] ).
for introns [34] . We update this discussion in light of novel findings coming from large-scale mammalian genome analyses. We do not touch upon alternative splicing here because this important topic has recently been reviewed elsewhere [35] [36] [37] [38] [39] .
Non-Coding RNAs Inside Introns
Introns contain several types of non-coding but functional RNA sequences (ncRNAs). All known mammalian small nucleolar RNAs (snoRNAs) are located inside introns and are produced during post-splicing processing of intronic RNA [40, 41] . More than half of these snoRNAs are inside introns of protein-coding genes. Other snoRNAs are within introns of non-coding genes, whose exons likely do not have particular cellular roles and whose primary function may be simply to express the small functional RNAs [42] . Another type of ncRNA, microRNAs, are also found frequently inside introns [43] . According to the highest estimation, about three quarters of mammalian microRNAs are located within introns [44] . Currently, over 300 small ncRNAs have been reported within human introns and are available from the RNAdb database [45] and in a microRNA database [46] . Recently, the SNO.pl program was developed and used to reveal evolutionarily-conserved C/D box snoRNAs in mammalian introns [20] . When used to examine all human introns, around 1000 C/D snoRNA-like structures were found, each including the entire set of features found in true snoRNAs, yet these sequences are specific to human and do not have conserved counterparts in mouse or rat introns (our unpublished data). Therefore, in addition to hundreds of already-characterized small ncRNA, human introns may be used to create thousands of yet unknown ncRNAs specific to the species. In fact, some other types of ncRNA have been associated recently with introns [47] . Due to the presence of ancient ncRNAs within introns Poole and co-authors have hypothesized that introns are primordial genetic elements descended from the RNA-world [17] .
Splicing and Arbitrary Transcription of the Mammalian Genome
Together, the exons and introns of protein-coding genes comprise 38% of the human genome. Since about 3 / 4 of the human genome is transcriptionally active [48, 49, **27, **32], many intergenic regions and complementary strands of genes that were long considered to be transcriptionally silent, are now recognized as expressed genomic loci. It is not clear whether these loci have some function or instead represent the products of arbitrary transcription. Probably both answers are true. A number of ncRNA genes have been discovered within intergenic segments located between protein coding genes. These ncRNA genes represent all kinds of functional RNA molecules: from extra-long, (>100,000 bp) Fig. (3) . Distribution of relative length difference between orthologous introns of human and mouse with respect to the size of human introns. Relative intron length difference, plotted on horizontal axis, was calculated as follows:
. Number of occurrences (N) of orthologous introns with the same Rd were calculated for each 1% interval (0-1%, 1-2%, …, 99-100%) and plotted on vertical axis. All human introns were divided into five groups according to their length: 1) short introns (less than 339 bp); 2) short-medium introns (339-969 bp); 3) medium introns (969-2000 bp); 4) medium-long introns (2000-4567 bp); and 5) long introns (longer than 4679 bp). All these groups are of equal size and each one contains 20% of all introns. First line (green) shows the distribution for short introns; the second for short-medium introns (yellow); the third for medium introns (blue); the fourth (grey) for medium-long introns; and the fifth (red) for long introns like Air-RNA [50, 51] , to extra-short, representing 22 bp long microRNAs [43] .
Nevertheless, the organization of gene expression machinery implies that in mammalian genomes there should be a considerable amount of arbitrary transcription from random genomic segments. Indeed, one of the most important transcription activation elements is the TATA-box, which represents a short six nucleotide-long motif with the consensus "TATAAA" sequence. Some degeneration or sequence flexibility of adenines and thymines is allowed inside the TATA-box. For example, in the human beta-hemoglobin gene, this regulatory element is represented by an "ATAA AA" sequence. A known mutation of this motif, which converts its sole T into A, considerably reduces but does not abolish expression of the gene [52] . In rough approximation, a six nucleotide-long oligonucleotide should occur once in every four thousand nucleotides of genomic sequence (probability of 4 -6 = 1/4096). (For more precise estimation someone should take into account the non-randomness of genomic sequences frequently referred to as "genomic signatures" [53] ).
Taking into account the degeneracy of the TATA-box, it is not surprising that it is present several million times at random sites in the genome of humans and other vertebrates (TATAAA oligonucleotide itself appears 4,155,589 times in both strands of published human genome sequences). For an active transcription, a few additional, so-called upstream regulatory elements should be present within about 200 bp of the TATA-box [54, 55] . The key issue concerning transcription activation is the segmentation of regulatory sequences into several short motifs and the flexibility in their arrangement and distances relative to each other. Consider, for example, three six-nucleotide-long elements with fixed positions relative to each other. The chance of getting this particular pattern of 18 bases in the entire human genome is about 9% (4 -18 multiplied by the entire length of both strands of the human genome = 5.8*10 9 ). However, if we allow the same three elements to be in different arrangements within 200 bp from each other, we should find more than three thousand of these six-nucleotide-long regulatory triplets in the genome (188 * 182 * 4 -18 * 5.8*10 9 ). There are dozens of different regulatory elements that activate transcription in particular tissues and at particular times [56, 57] . Therefore, the arbitrary transcription of random sites in the mammalian genome seems an inevitable consequence for the extra-long expanses of "junk" DNA. The genome could protect itself to some extent from this arbitrary transcription by specific sequences and DNA-modifications (such as methylation) that make many genomic loci inactive by converting them into compact heterochromatin. However, there exists a constant process of sequence change in the course of evolution. In addition to point mutations the genome undergoes insertions, duplications, translocations, and deletions of sequences of various sizes and compositions. All of these events should provide constant generation of novel random sites for transcription initiation, which was statistically confirmed by Dermitzakis and Clark [58] . Theoretically, the larger the genome the bigger is the proportion that such arbitrary random transcripts should form in the expressed pool of RNA molecules. Having very large genomes, mammals and vertebrates should be greatly affected by this problem. Splicing could be a valuable mechanism in the separation of functional mRNAs from random transcripts. Maniatis and Reed [59] emphasized in their review that during pre-mRNA processing dozens of different splicing factors bind tightly to the transcribed molecules. These serve as specific signals for exporting mature mRNA from the nucleus into the cytoplasm and for regulation of translation and degradation of mRNA. Because the majority (70%) of non-protein coding transcripts does not undergo splicing [**32], these molecules are not accompanied by splicing factors and, thus, cannot follow the pathway of mRNA leading to the production of proteins. The remaining 30% of non-protein coding genes that undergo splicing are still practically uncharacterized. They might include those ncRNA whose introns represent microRNA, snoRNA, or other types of functional ncRNAs. All in all, splicing seems ideally suited to serve as an important filter for organisms with extra-large genomes, helping to distinguish between functional mRNAs and random RNA transcripts. This intriguing property of splicing has been utilized in molecular biology for nearly two decades by incorporating short introns into various transfection vectors. Inclusion of an intron increases the protein expression from all cDNA inserts in the transgenic constructions [60, 61] . As demonstrated by Kurachi and others, the expression enhancing activity of introns in transgenic constructions is not due to specific enhancer elements within introns, but due to activation of splicing process itself [62] .
CONCLUDING REMARKS
Some proteins play several unrelated roles in host cells, a phenomenon called "moonlighting" [63] . It is reasonable to expect that introns could acquire different roles in the cells during evolution in the same manner as proteins. In the compact genomes of flies, worms, and other invertebrates, introns are relatively small and have one set of cellular tasks as we described previously [34] . Mammalian genomes have grown upwards of 30 times the size of insect and nematode genomes, and so have the introns along with them. Mammalian genome complexity posed new evolutionarily challenges in regulating gene expression and in dealing with a great number of different classes of RNA molecules, including random transcripts. We propose that mammalian introns have adapted to these genome challenges and that splicing serves as an important filter for selection of mRNAs against random transcripts.
